Nowadays several techniques are available for the inspection and crack detection in internal cylindrical surfaces as, for instance, those of heat exchanger pipes, being miniaturized optical probes (endoscopes, CCD cameras, etc. . ) and eddy current probes the most commonly used in industrial applications. Both techniques, however, present strong limitations. To overcome these limitations a new approach, based on the use of an optical fiber linear array, has been explored by our group, for which a specifically designed fiberoptic probe has been exhaustively tested in order to evaluate the possibilities of this technique.
INTRODUCTION
The automatic detection and measurement of defects in heat exchanger tubes is commonly being carried out by eddy currents methods . Using these electromagnetic induction techniques it is not possible to classify all kind of defects with certainty because they render information about the volume of material removed but not about the detailed morphology of the defects. Apart from this, if other materials that modify the impedance of the eddy currents coils (e.g. support plates of the tubes, mud of different oxides, etc. .. ) are present close to the inspected zone, the defect signal will be mixed with, or even completely masked by, the other signals.
When these problems appear in a tube that after the inspection is classificated as "suspect", a more careful inspection should be done; otherwise the tube should be closed. For this task, optical imaging techniques (mainly by means of endoscopes) are employed, providing a very useful information about the inner surface of the tubes. But this methods usually need of a human operator f or scanning the probe along the tubes, selecting and interpreting the images, f or which they are extremely tedious and time-consuming; moreover, to perform quantitative measurements of the defect features it should be necessary to implement into the probe a distance-to-the-object reference along with sensors for determining the azimuthal and axial position nto the tube. Although this last problem can be resolved by different manners , it remains the more complicated question of the full automation of the inspection process, avoiding the human intervention. In our knowledge, there is not yet any commercially available system that meets all the mentioned requirements.
From the above considerations, it is clear the convenience of developing an artificial vision system that provides an image of the inner surface of the tubes, with the following features:
-Precise dimensional characterization of the defects: silhouette, length, width, orientation and position in the tube.
-Good contrast of the defects against the background -Fully automatic operation -High velocity of operation -Compact, robust and reliable A new fiber optic laser probe that meet the above requirements has been developed and constructed by our group. In the following, the principle of operation,-configuration and first results are presented and discussed.
PRINCIPLE OF MEASUREMENT
In a first sight, there are several optical measuremeit4 rinciples that, alone or combined, could allow to develope such instrument ' ' : imaging, scanning, difractometry, scattering, triangulation, holography, etc. We have selected, in a first approach, the imaging methods because the output of the system will be directly the desired quantity: intensity data versus spatial coordinates of the tube surface, which should lead to minimize the time for the data analysis and extraction of results. We have concentrated our efforts in a line-scan adquisition scheme in which the image is composed by sucesive ring sections of the tube surface due to its suitability to our inspection problem. Compared to a conventional matrix detection scheme, it presents the following advantages:
-The intensity profile of each section of the inspected cylindrical surface can be easily transfered to a linear array of detectors by means of a coherent fiberoptic liner array, which simplifies the optical system of the probe.
-The velocity of inspection may be higher than with conventional matrix detector arrays due to the higher bandwidth of the liner detector arrays.
For a given resolution, the number of optical fibers is much lower than in the matrix approach.
-
The focusing system is simpler because the simultaneously inspected zone is l-D insted of 2-D.
-The axial uniformity of the illumination is guaranteed.
Once acquired the image of the tube zone inspected, the proper defect detection must be done. This step is described in the next paragraph.
DEFECTS DETEcTION PRINCIPLE
Whenever an image of an object is recorded, the imaging system stablish a one to one correspondence between parts of the object and each element that builds up the image. This elements may be regular (a rectangular reticle in a digital image, for instance) or random zones (grains of a photographic plate in photography). By means of this correspondence, a mean value of the physical magnitude used to register the object is assigned to the different parts or elements of the image. The size, disposition and overlap of these parts and the recording process determine the resolution of the system.
We consider, at first, the simplest case of a small region centered at point Q in a plane smooth surface S illuminated by a plane wave with an angle of incidence i. Light will be reflected in the direction characterized by d=i.
If a detector that is placed at one point B of the half-plane H and that could rotate around Q, collects the reflected light in the direction a ( fig.1) , the response will be significant only for
When the surface is rough, with a plane mean level S' , the light will be spread, after reflection, around the direction into and out of the plane of incidence. In this case the signal obtained with the detector placed in B, as d increase, looks like figure 2 with its central peak around ad=d . Also,7 if we use coherent light and the surface is rough a speckle pattern will appear If the optical system performs a scanning along the surface, the detected intensity will be the same (neglecting the speckle modulation) for all the points where there are no defects. By the other hand, if a defect exist at the observed region, it will, in general, spread and diffuse the incident energy over a wider angle than when 8no defect is present (or may even block completely the energy reflected) . As a consequence, the mean level of detected intensity will fall down.
In practice the source is situated at one point A and illuminates the surface around a point Q in a zone of length L along the direction x that lies on the plane of incidence and the surface mean level S' . Generally, only a zone of length M in the same direction will contribute to the detected intensity. The minimum value of L and M stablish the part of the surface in the x direction that can be effectively observed by the detector. The same effects occur along the y direction, perpendicular to the plane of incidence. The role of L and M will be played by other lenghts L' and M'. The quantities L, M, L'y M' are functions of the parameters of the optical system used. Keeping constants these parameters, it is possible to assign the signal detected to a square zone of the surface with area s=min (L,M) x mm (L',M'), centered at Q. In this way we stablish a correspondence between this zone and the position of the detector, centered at B.
If we use a linear extended source and a liner array of detectors with period Py, both disposed parallely to the y axis along straight lines that cross the plane of incidence at points A and B respectively, the surface can be divided in zones of area s centered at points Qi spaced Py along the y direction. When the surface is translated along the x direction in steps of lenght Px, a two-dimensional reticle that cover the whole surface is generated. Collecting conveniently the light reflected by each part of the surface, we assign a level of intensity to each of the pixels of the digital image.
As we have stated, in our application the object is the inner surface of a cylinder. By means of an optical system, the light reflected from a ring section of the cylinder surface is transfered to an array of optical fibers, each fiber detecting the information of one element of the surface. This information will configure a line of the image of the surface. The array is translated relatively to the surface along the axis of the cylinder collecting the light from adjacents and sucesives annular zones. This lines will be disposed in the same order in the digital image obtained, revealing the defects as obscure zones.
FIBER OPTIC PROBE PROTOTYPE AND EXPERIMENTAL SET-UP
The general view of the prototype appear in figure 3 . It can be subdivided in four parts: Optical Head, Traslation Control Unit, Light Sensor and A/D, Store, Control, and Processing System. A blocks diagram is displayed in figure   4 .
To illuminate the surface, an He-Ne laser is coupled to a fiber optic bundle. The other end of the bundle illuminates the surface of the tube and is mounted on a traslation stage to control the illumination distance. A fiberscope is used to detect the reflected light. The fiberscope is cylindrical and is mounted also in a translation control unit. The cylindrical surface is mounted on a motorized traslation stage that moves the surface relatively to the illumination-detection system with preselected velocity.
An optical system converts an annular section of the tube in a straight line at the fiberscope front surface, so, the fiberscope works as a coherente linear array of fibers. The output of the fiberscope is imaged on a linear CCD sensor with 512 elements using a telescopic system. The output of the CCD sensor is digitized and stored in a PC computer. Specific software has been developed to control the operation of the system and to record, display and process the images.
RESULTS AND DISCUSSION
Different experiments have been done in the laboratory in order to check the performance of the prototype of the automatic vision system. In the experiments we have tested tubes with the same characteristics than the tubes installed in a real heat exchanger, with an internal nominal diameter of 19 mm.
As it was expected, the most important parameter is the pixel size. Using steps Px identical to the circunferencial detector period Py (measured on the object surface), we obtain square pixels of the same size, namely D. In figure   5 , diferent images of a typical crack obtained increasing D from 10 im to 50 im are displayed. The zone of the tube digitized in the images have a real width in the circunferencial direction of 0.4 mm imposed by the diameter of the fiberscope used in the prototype. In all cases the surface of the tube is illuminated with laser light. The degradation of the image resolution is evident.
To illustrate the whole performance of the system, a global image of the surface, built up by pasting images of adjacents zones of the tube of width 0. 4 mm, appears in figure 6 . The image of the same zone obtained with a conventional video camera is also showed.
It must be highlighted that this system have no moving elements in the inspection head to inspect the whole surface, in contrast with other methods (flying spot scanning methods or flying field scanning methods). The use of an coherent array of fibers allows to place the CCD sensor outside of the tube inspected. Only non-electronics elements are into the tube, reducing in this way the effect of enviromental perturbations on the system. This fact also permits to increase the resolution capability of the system by using linear CCD sensor arrays of many elements, that could not be located inside the tubes.
The inspection velocity, for an array of 2000 elements and D = 30 tim, would be of 300 mm/s if the CCD camera and the AID, store and control system works at a rate of 20 MHz. 
